Insight into processes leading to rupture of intracranial aneurysms (IAs) may identify biomarkers for rupture or lead to management strategies reducing the risk of rupture. We characterized and quantified (ultra)structural differences between unruptured and ruptured aneurysmal walls. Six unruptured and 6 ruptured IA fundi were resected after microsurgical clipping and analyzed by correlative light microscopy for quantitative analysis (proportion of the vessel wall area) and transmission electron microscopy for qualitative ultrastructural analysis. Quantitative analysis revealed extensive internal elastic lamina (IEL) thickening in ruptured IA (36.3% 6 15%), while thin and fragmented IEL were common in unruptured IA (5.6% 6 7.1%). Macrophages were increased in ruptured IA (28.3 6 24%) versus unruptured IA (2.7% 6 5.5%), as were leukocytes (12.85% 6 10% vs 0%). Vasa vasorum in ruptured but not in unruptured IA contained vast numbers of inflammatory cells and extravasation of these cells into the vessel wall. In conclusion, detection of thickened IEL, leaky vasa vasorum, and heavy inflammation as seen in ruptured IA in comparison to unruptured IA may identify aneurysms at risk of rupture, and management strategies preventing development of vasa vasorum or inflammation may reduce the risk of aneurysmal rupture.
INTRODUCTION
Unruptured intracranial aneurysms (IA) are common with a prevalence of 3% in the general population, and the large majority of these aneurysms are small (1) . Rupture of intracranial aneurysms results in subarachnoid hemorrhage, which carries a poor prognosis, with 35% case fatality and 20% case morbidity rate (2) . The incidence of subarachnoid hemorrhage is only 9 per 100.000 person-years (3), indicating that the majority of unruptured IA will never rupture. In case an unruptured IA is detected the risks of rupture has to be weighed against the risks of preventive IA occlusion (4, 5) . Currently, size is the most important predictor for rupture, with small IA having the smallest risk of rupture (6) . Further predictors are age, sex, history of hypertension or subarachnoid hemorrhage, and IA location (6) . However, these factors only explain a small proportion of the risk of rupture. Insight into the processes leading to rupture of IA may identify biomarkers for rupture, or may lead to noninvasive strategies that reduce the risk of rupture. Insight into the ultrastructural differences between unruptured and ruptured IA are crucial can provide information on the processes leading to the rupture of IA.
Studies on ultrastructural variations on IA samples are scarce (7) (8) (9) (10) (11) (12) (13) (14) (15) and only a subset of these studies were set to compare unruptured and ruptured IA samples (7, (11) (12) (13) (14) (15) . In ruptured IA samples, increased disruption of the endothelium (7, (12) (13) (14) , presence of vasa vasorum (12) and infiltration of inflammatory cells (7, (12) (13) (14) was found by using light microscopy (LM) combined with histochemistry (11, 12, 14, 15) or electron microscopy (EM) combined with histochemistry (7, 13) . Foam cells were found in both ruptured and unruptured IA (11, 15) .
Because the aneurysmal wall is ultrastructurally complex and heterogeneous, it is advantage to apply correlative microscopy by first using LM to apply stereological analysis and to identify areas of interest and subsequently by using EM to obtain qualitative information at high resolution. Such correlative microscopy providing quantitative analysis and qualitative ultrastructural analysis has not been applied before to compare unruptured and ruptured IA samples. Using this stereological analysis, we compared the integrity of the endothelial cells and the internal elastic lamina, the presence and integrity of vasa vasorum, and the presence inflammatory cell infiltration and foam cells (FC) in both luminal and abluminal layers of samples of unruptured and ruptured IA to identify potential biomarkers for aneurysmal rupture.
MATERIALS AND METHODS

Aneurysmal Samples and Clinical Data
IA samples of 12 patients were obtained from patients admitted to the University Medical Center Utrecht (UMCU) who underwent clipping of a ruptured (n ¼ 6) or unruptured (n ¼ 6) IA. Patient and aneurysm characteristics are shown in Supplementary Data Table S1 . During microsurgery, part of the IA fundus distal to the clip was resected and immediately submerged into 4% paraformaldehyde fixative (Sigma-Aldrich) in 0.1 mol/L phosphate buffer (pH 7.4) for at least 1 hour at room temperature and stored at 4 C until further preparation. Immediate fixation of biopsy samples is crucial to prevent induction of cellular decay. This study was approved by the Medical Ethical Review Committee of the UMCU. All patients provided written informed consent.
Sample Preparation
After initial fixation, samples were washed in 0.1 mol/L sodium cacodylate buffer (pH 7.4), cut into small blocks of approximately 1mm 3 and fixed in half strength Karnovsky fixative (16) . After 2 hours fixation at room temperature, postfixation was performed in a mixture of 1% osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 mol/L sodium cacodylate (pH 7.4) for 90 minutes on ice (17) . Samples were then incubated for en bloc staining with 1% tannic acid for 30 minutes at room temperature, washed with aqua dest followed by en bloc staining with 1% osmium tetroxide (OsO 4 ) for 30 min on ice (7). Samples were dehydrated using ethanol (70%, 80%, 90%, 95%, and 100%) followed by infiltration in a series of 1,2-propylene oxide-epon mixture (1:1, 1:2, 1:3) and finally pure epon at room temperature on a rotator over-night. Samples were oriented and embedded using flat embedding moulds (Agar) and cured at 60˚C for 2 days.
Light Microscopy
Thick sections (400 nm) were cut with a diamond knife (Diatome jumbo 45˚, Diatome) on an ultramicrotome (Ultracut E; Leica Microsystems). Sections were stretched and heat fixed onto glass slides, stained for 4 minutes with 1:10 dilution of mixture of equal volumes of methylene blue (Merck) in 1% disodium tetraborate (Merck) and 1% Azur2 (BDH). The complete biopsy samples were imaged using a light microscope with 40Â objective (Provis AX70; Olympus) equipped with a Nikon DXM1200 digital camera and Nikon ATC-1 software (Nikon Instruments Europe, Amsterdam, The Netherlands). LM panoramas were stitched using Microsoft Research Image Composite Editor; use of the 40Â objective allowed analysis at relatively high magnification in the panoramas of complete sample. The LM panoramas allow the overview of the tissue integrity and, moreover, allow easy navigation to regions of interest at the transmission electron microscopy (TEM) level.
Transmission Electron Microscopy
Thin sections (60-70 nm), obtained right after the thick sections for LM, were collected for TEM imaging. This allowed analysis of the LM region at the ultrastructural level. Thin sections were cut with a diamond knife (Diatome 45˚) on an ultramicrotome (Ultracut E; Leica Microsystems) and collected on single slot copper grids. All sections were imaged at 120 kV using FEI Tecnai-12 equipped with a side-mounted Megaview II camera with AnalysisPro software (Olympus).
Qualitative Analysis
Qualitative analysis of the endothelial cell lining integrity was scored as previously described using a score between 0 and 5 with 0 representing normal endothelial cells and 5 severely damaged or lost endothelial cells (7) . Finally, specific features such as smooth muscle cell appearance, presence of thrombi were studied.
Stereological Analysis
Stereological analysis according Delesse principle (18) was employed for quantification of the following IA wall constituents at LM level: (1) internal elastic lamina, (2) vasa vasorum, (3) foam cells, and (4) inflammatory cells (i.e., macrophages, granular leukocytes and plasma cells). Samples were divided into segments, which were individually analyzed (Supplementary Data Fig. S1 ). The area fractions (A A ), being the percentages of the components, were determined for each segment of the samples (19) . Despite the heterogeneity between the segments of a given sample, the mean values of the segments per sample in both groups was assessed and compared between unruptured and ruptured IA using the unpaired t-test. The relative standard error <1% for every sample indicates reliable and precise analysis (19) . An example of this approach is shown in Supplementary Data Figure S1 .
RESULTS
Clinical and aneurysm characteristics of the 12 IA patients are shown in Table 1 . The age of the patients ranged from 22 to 74 years, with a mean age of 47 years for patients with an unruptured IA and 58 years for patients with ruptured IA. Additional details per patient are shown in Supplementary Data Table S1 . 
Qualitative Analysis
Unruptured Intracranial Aneurysms.
All unruptured IA lacked an intact endothelial lining and exhibited extensive damage to the endothelium (Fig. 1A , C; Table 2 ). Rarely, normal appearing endothelial cells were present. In the remaining endothelial cells, we frequently observed irregular, hypertrophic endothelial cells with vesicular cytoplasms and widened intercellular gaps. Red blood cell adhesion to the IA vessel wall was detected in 4 of the 6 samples.
All of the unruptured IA samples showed thickened vascular walls due to myointimal hyperplasia ( Fig. 2A) . In 3 of 6 IAs, the hyperplasia was accompanied with dense or disorganized layers of smooth muscle cells (SMCs) (Fig. 1A, C) . The other 3 also revealed a thickened wall; however, these only contained scattered sparse SMCs and an increased presence of collagen fibers, which constituted the predominant structure of the wall. All samples showed minimal inflammation in the luminal layer of the aneurysmal wall and when inflammatory cells were present, they consisted mainly of monocytes and macrophages ( Fig. 2B-D) . All unruptured vessel walls possessed disorganized wall structure without defined layers of intima, media or adventitia. In all samples, common features were heavily fragmented internal elastic lamina (IEL) remnants. In addition, some of the unruptured vessel walls showed localized areas containing FC and disorganized SMCs (Fig. 1A) . In the abluminal layer, we found vasa vasorum with normal appearing endothelial cells. Within or around these vasa vasorum we observed only few inflammatory cells. This is also reflected by the quantitative data on inflammatory cells within the abluminal layer containing vasa vasorum (Table 3) .
Ruptured Intracranial Aneurysms.
Correlative microscopy revealed that 4 of the 6 ruptured IA walls had complete loss of endothelial cells, the other 2 showed extensive damage to these cells. The inner (luminal) surface of the vessel wall displayed a fresh thrombus, mostly covered with amorphous fibrin and blood cells (Fig. 3A, B) . Three of the 6 samples displayed organizing intraluminal thrombi, with inflammatory cells, predominantly neutrophils and macrophages, and mesenchymal like cells intermingled with collagen. In contrast to unruptured IA, we observed no hyperplasia. The structural integrity of the aneurysmal wall was heavily compromised by invasion of macrophages and leukocytes in both luminal and abluminal layers. The loss of medial SMCs, resulting in devoid areas, along with collagen disorganization or even complete loss of collagen, revealed adverse deterioration of the vessel wall. IEL was thickened significantly and infiltration of the IEL with macrophages and leukocytes was seen in 5 out of the 6 samples (Fig. 3B) . Three samples showed an abundant vasa vasorum in abluminal layers (Fig. 3A, C) . These vasa vasorum exhibited hypertrophic endothelial cells with cytoplasmic vacuoles. Some contained an abundance of inflammatory and occasional foam cells, indicating signs of chronic inflammation. Moreover, we observed infiltration of inflammatory cells through the vasa vasorum endothelial monolayer (Figs. 1D, 3D ).
Heterogeneity of Pathology
Pathological alterations seen in individual unruptured and ruptured IA are heterogenic. For instance, in a ruptured sample, the percentage of IEL A A showed variations throughout the vessel wall varying from 1.6% to 11% (Supplementary Data Fig. S1A ). Similar results were obtained for the presence of FC (Supplementary Data Fig. S1B ). This clearly brings forward the local nature of the events involved in IA, rather than overall modification of the vessel wall.
Quantitative (Stereological) Analysis of Unruptured and Ruptured Intracranial Aneurysm Vessel Wall Morphology
Mean percentage A A of IEL, vasa vasorum, foam cells, macrophages, granular leukocytes and plasma cells of unruptured and ruptured IA are summarized in Table 3 . The percentage of IEL A A was 36.3%, SD 15 in ruptured IA and 5.6%, SD 7.1 in unruptured IA (p < 0.002). In addition, ruptured IA wall showed heavy infiltration of leukocytes and macrophages and consistent presence of antibody-producing plasma cells throughout the vessel wall, especially in the vicinity of vasa vasorum. In contrast, unruptured IA were free of leukocytes and plasma cells, however, monocytes and macrophages were present. The unruptured IA contained an almost 3 times higher foam cell A A than ruptured IA. Vasa vasorum area fractions were comparable in both groups, mainly confined to abluminal layer and both groups harbored a case of second order vasa vasorum in luminal layer. The numerical density was higher in the unruptured IA wall, indicating that on average the size of the vasa vasorum in the ruptured IA was larger.
DISCUSSION
There are distinctive morphological characteristics between unruptured and ruptured IA, showing clear differences in their structural pathology. Qualitative and quantitative analyses revealed: (1) more extensive remodeling of the 
Internal Elastic Lamina
The unruptured aneurysmal wall revealed thin and fragmented IEL, while the ruptured aneurysmal wall exposed loss of structural organization, accompanied by extensive thickening and invasion of inflammatory cell infiltrates within the IEL. Fragmentation of the IEL has been observed before (7, (12) (13) (14) while 1 study also showed that such fragmentation was accompanied by the presence of mast cells (12) . Structural remodeling of the IEL involves loss of the original, well organized elastin, and replacement by deposition of much less organized, patches of elastin, called intimal elastic tissue (20) . The turnover of vascular elastin is very slow, with a half-life of 60-70 years, which means that structurally functional vascular elastin is primarily produced during childhood (21) . Upon degradation of elastin in IA, SMCs (22) and macrophages (23) deposit intimal elastic tissue. Although this intimal elastic tissue consists of elastin, its functional properties are lost (20) . Clear increase in the intimal elastic tissue deposition in the ruptured IA suggests that further structural remodeling is activated before the rupture. The thickened IEL with presence of intimal elastic tissue and inherent loss of elastic function leads to increase in wall stiffness and decreases distensibility and contributes to susceptibility to hemodynamic factors (21) (22) (23) (24) . This in combination with increased inflammation might make the lesions more prone to rupture.
Inflammation
The ruptured IA wall contained a large number of inflammatory cells, indicating pathological events in the IA wall, with detrimental contribution of ECM modulating enzymes secreted by these cells (7, (25) (26) (27) (28) (29) . Previous studies also showed increase of inflammatory cell invasion in the ruptured IA wall including macrophages and T-lymphocytes (7, 11, 13, 14) . Interestingly, lymphocytes deficient mice and mice with mutated factors of the inflammatory signaling pathway involved in macrophage infiltration suppressed IA formation, suggesting a causal role for inflammatory cells in IA (30) (31) . Our results are also in line with the findings of our recent whole genome gene expression study using RNA sequencing in aneurysmal tissue in which we found pathways involved in immune response enriched in ruptured as compared to unruptured IA (32) . In addition, we observed small but consistent presence of antibody producing plasma cells in the ruptured, but not in the unruptured wall. In the ruptured aneurysmal wall, a gradient of plasma cells and other inflammatory cells was observed around the vasa vasorum suggesting that the cells come from the "leaky" vasa vasorum, rather than from the site of rupture. Whether the plasma cells were present before rupture or entered the wall after rupture cannot be discerned from our data. However, in our recent whole genome gene expression study immunoglobulin genes were found expressed in aneurysmal tissue (of both ruptured and unruptured IA), while they showed no expression in controls (32) . Also, 1 immunoglobulin gene (immunoglobuline kappa variable region gene) was expressed in unruptured and not in ruptured IA (32) . The expression of these immunoglobulin genes suggests the presence of plasma cells in both unruptured and ruptured IA which in turn suggests that the plasma cells as identified in our current study were already present before rupture.
Vasa Vasorum
As in 2 previous studies (8, 12) we found vasa vasorum in abluminal layers of the vessel wall of both unruptured and ruptured IA while these are not present in healthy intracranial vessel walls (28) . The presence of vasa vasorum suggests occurrence of hypoxia in the aneurysmal wall as hypoxia induces angiogenesis resulting in sprouting of vasa vasorum across the arterial wall (33) . Although similar proportions of vasa vasorum were present in both unruptured and ruptured IA, ultrastructural analysis of these vasa vasorum showed striking difference. Vasa vasorum in ruptured IA exhibited a leaky nature, which seems to act as a gateway for inflammatory cells to enter the IA wall: the endothelial lining of these vasa vasorum had hypertrophic appearance with irregular surface and vacuoles at junctions of adjacent endothelial cells and white blood cells were observed to extravasate into the vessel wall. This results in increased endothelial permeability for circulating lipoproteins, inflammatory cell infiltrates, and red blood cells, and might subsequently lead to further instability of the IA wall.
Thrombus
Although only qualitatively analyzed, presence of thrombus was examined in both ruptured and unruptured aneurysms. In half of the ruptured aneurysms, we observed the presence of fresh and organized thrombus, encompassing predominantly neutrophils and macrophages. The presence of organizing thrombus is considered as a potential risk factor (34) and could also contribute to inflammatory cell infiltration. Taking into consideration that in the current study the time lapsed from the rupture until sample acquisition may have influenced the status of the thrombus and presence of inflammatory cells we cannot conclusively say whether they were formed before or after rupture. In follow up studies, with increased sample size utilizing histology and immunohistochemistry, the role of thrombi in the invasion of inflammatory cells should be addressed. 
Foam Cells
One of the most prominent features observed in both unruptured and ruptured IA is the abundance of FC in localized regions within the vessel walls. Quantified regions showed an inverse correlation between FC and macrophages in both groups, indicating the transformation of macrophages into FC, as observed in atherosclerosis (35) . It is unlikely that FC presence is associated with risk of rupture since there was no significant difference in the proportions of FC between unruptured and ruptured IA as is also observed in previous studies (11, 15) .
Strengths and Limitations
This study included a relatively limited number of 12 patients, but thereby we were able to assess the complete biopsy samples and extensively compare unruptured with ruptured IA both by means of stereology and correlative microscopy. The selection bias is that very small IA, which are entirely included in the clip during microsurgery, could not be included in the study. In addition, there is a large variation of individual IA sizes between ruptured versus unruptured cases studied, thus part of the differences between ruptured and unruptured IA found in our study might relate to size instead of rupture status. Furthermore, clinical risk factors could also play an essential role in remodeling of IA. The number of samples analyzed is insufficient for correlating clinical risk factors to ultrastructural findings. Future research, expanding on the current results, should include larger numbers of patients, using histopathological analysis of the parameters found in the present ultrastructural study in unruptured versus ruptured aneurysmal wall.
Conclusions
Unruptured and ruptured IA have structural differences in internal elastic lamina, vasa vasorum endothelium and inflammatory infiltrates. These results suggest that secondary structural remodeling of the vessel wall (IEL) and infiltration of inflammatory cells via vasa vasorum might be involved in IA rupture. This hypothesis clearly needs further studies and may lead to biomarkers for rupture prone IA by focusing on IEL, vasa vasorum leakiness and the presence of (specific) inflammatory cells. Ideally, management strategies preventing development of vasa vasorum or inflammation to reduce the risk of aneurysmal rupture will be developed based on the results of these studies. Animal studies already showed promising results supporting the use of antiinflammatory treatment strategies in IA as antiinflammatory drugs targeted at suppressing macrophage infiltration were successful in preventing development and/or growth of IA in mice and rats (36, 37) .
